Novel VCSEL structure with a high-index-contrast grating (HCG) mirror that can selectively choose one of two LP 01 and four LP 11 modes is proposed and numerically investigated. This can be achieved by designing the spatial reflectivity profile of the HCG so that the HCG gives a LP mode of interest the highest modal reflectivity among six LP modes. This approach may considerably miniaturize the light source module for mode-division multiplexing.
INTRODUCTION
In the history of optical fiber communication technologies, various methods have been developed in last 20 years so as to increase the transmission capacity by more than three orders of magnitude. These include the wavelength-division multiplexing (WDM) that uses multiple wavelength channels, the time-division multiplexing (TDM) with multiple time channels, the polarization multiplexing that employs different polarization channels, and various advanced modulation formats with digital signal processing. Optical fiber system researchers expect that the fundamental reasons will limit the transmission capacity of these approaches based on single-core and single-mode fiber, to a few 100s Tb/s per fiber.
[1]- [3] . And capacities of 100 Tb/s have already been demonstrated in laboratory environment. [4] To overcome the foreseen capacity limitations, researchers have recently started to investigate the last multiplexing possibility, i.e. space channels. [5] There are two ways of using space channels; the space-division multiplexing (SDM) and the mode-division multiplexing (MDM). In the SDM, an optical fiber embeds multiple cores and each core carries its own light signal. In the MDM, a multi-mode fiber carries several spatial modes with different spatial profile and polarization. In a few recent years, many interesting demonstrations have been reported in both SDM and MDM. However, in this beginning stage of research on new multiplexing methods, most of efforts have been put into the multiplexing methods themselves, not into improving light sources or detectors for the MDM. For example, the known light sources for the MDM are bulky using free space optics, and involve large coupling losses from the laser to the multimode fiber. This motivates the work in this paper, on the compact lasers for the MDM.
In the MDM, a set of six spatial modes listed in Fig. 1 is typically used. The optical fiber that allows these six modes is called few-mode fiber (FMF). In order to excite one of the modes in a few-mode fiber, the light input to the few-mode fiber should have a similar profile as the mode in the few-mode fiber. The LP 01x and LP 01y mode-like input profiles are feasible to generate. Several methods of making LP 11 -like light profiles had been reported not in the context of the MDM. They include a method using a spatial phase filter to convert LP 01 shape into LP 11 shape,.
[6]- [8] , a method utilizing a multiple mechanical bend mode converter, and a method using a He-Ne laser, phase plates, a polarization converter, [9] and a polarization controller. The reported methods are not compact since all of them use free space optics and/or optical fibers to make LP 11 shapes. And their mode conversion process to LP 11 involves considerable loss. To commercially deploy the MDM system in the field, the light source for the MDM needs to be compact, efficient, and cheap. In this respect, it will be the most ideal that a laser diode directly emits a specific LP 11 -shaped output.
In this paper, we propose a novel single-mode VCSEL structure that can emit selectively one of four LP 11 modes. The proposed VCSEL structure employs a high-index-contrast subwavelength grating (HCG) as light emitting mirror. The idea is to make the reflectivity profile including polarization of the HCG mirror so that a specific LP 11 mode in the VCSEL cavity can have a higher modal reflectivity than other modes in the VCSEL cavity. Then, this specific LP 11 mode with the least threshold gain will be the lasing mode. In Section 2, the proposed laser structure, the HCG design, and the numerical analysis method are explained. In Section 3, the results are presented and discussed. In Section 4, the conclusion is presented. 
DEVICE DESIGN

Device structure
As shown in Fig. 3 , the proposed VCSEL structure consists of a top HCG mirror, an active material, and a bottom distributed Bragg reflector (DBR). The top HCG part and the bottom DBR part are made of GaAs-lattice-matched materials and the active material part is made of InP-lattice-matched materials. These parts are wafer-fused to each other. In this VCSEL structure, the gain region size is determined by the tunneling junction while the transverse mode size, by the embedded air gap. Details can be found in Ref. [10] .
The HCG is a membrane layer with one-or two-dimensional (1D or 2D) sub-wavelength periodic patterns; in the proposed VCSEL structure, it is 1D pattern. HCGs can exhibit high reflectivity over a broad wavelength range and the high reflectivity can be made polarization-selective. These attractive performance as mirrors make HCGs a strong The HCG VCSEL design for selecting LP 01x mode is shown in Fig. 3(a) . The inner diameter of the embedded air gap size is determined so that both LP 01 and LP 11 modes are allowed in the VCSEL cavity. The diameter of the tunneling junction is made smaller than the inner diameter of the embedded air gap. Since the gain region size is determined by the tunneling junction size, LP 01 modes have better overlap with the gain region than LP 11 modes; that is, optical gain is selectively supplied to the LP 01 modes. Since the HCG reflectivity to the x-polarized incident field, R x is higher than that to the y-polarized field, R y , only LP 01x mode will lase among LP 01x and LP 01y . To get LP 01y mode lased, the HCG groove direction can be rotated by 90 o , i.e., be aligned along y direction. Details can be found in Ref. [10] .
The HCG VCSEL design for selecting LP 11ax mode is shown in Fig. 3(b) . The inner diameter of the embedded air gap size is the same as in Fig. 3(a) ; both LP 01 and LP 11 modes are allowed. The diameter of the tunneling junction is similar as the inner diameter of the tunneling junction, so that LP 11 modes can receive sufficient optical gain. Now, the R x (x) profile has a reflectivity dip in the middle where both LP 01x and LP 01y modes have high intensity but the LP 01ax has low intensity. Thus, LP 01ax has the smallest mirror loss than any other modes including LP 01 modes and LP 01bx mode, as clearly seen in Fig. 3 . It means that LP 01ax is the lasing mode. One may design R x (x, y) and R y (x, y) profiles so that a specific mode can have the smallest mirror loss. Detailed results are presented in Section 3.
HCG design
It has been reported that the transmission phase profile or the reflection phase profile of a HCG can be designed while the transmittivity profile or the reflectivity profile being kept constant. [11] , [12] One of important observations in this references is that the local transmission or reflection phase at a specific position is determined by grating parameters at the specific position, such as grating period and grating width. Thus, in principle, any smoothly-varying phase profile can be constructed by varying the grating parameters.
Similarly, the reflectivity profile can be designed while the reflection phase profile being kept constant, by appropriately choosing local grating parameters. Figure 4 shows parametric scanning results of reflection phase and reflectivity as a function of grating period and grating width. The results are obtained by using the rigorous coupled wave analysis (RCWA) method. As the grating will change fr reflectivity, w 
Modal r
mponent of the ssed by, The index profile of HCG h designed to make only mode LP h lasing is listed in the left column of Fig. 3 . The reflectivity profile, R x and R y of HCG h is listed in the middle column of Fig. 3 . The right column lists the intensity profile of the lasing mode, LP h transmitted from the HCG h .
In Table 2 , modal reflectivity values for all combinations of LP l and HCG h are listed. Modal reflectivity is calculated according to Eq. (1). In the column for HCG 11ax that is designed to make LP 11ax lase, LP 11ax has the highest modal reflectivity as we design. Similarly, in other columns for HCG 11ay , HCG 11bx , and HCG 11by , LP 11ay , LP 11bx , and LP 11by have the largest modal reflectivity, respectively.
In Table 3 , threshold material gain corresponding to modal reflectivity values in Table 2 are summarized. In each column, the extent of single-mode operation can be quantified by using the smallest modal gain, g 0 and the second smallest g 1 : [13] (%) 100
The calculated S values are listed in the bottom row in Table 3 . The S values of 77 % means that the single-mode operation strength is moderate, considering surface-relief VCSELs have S values of 70-100 %. 
CONCLUSION
We have proposed a new compact way of generating LP 01 and LP 11 modes for mode-division multiplexing. It is based on single-mode VCSEL with a HCG mirror of which reflectivity profile can be engineered to give the highest modal reflectivity to a specific LP mode of our choice. Based on numerical evaluations, we can say that the proposed HCG VCSEL structure can support stable single-mode operation of a specific mode of our choice. The numerical approaches
